We develop a method of constraining the cosmic string tension Gµ which uses the Canny edge detection algorithm as a means of searching CMB temperature maps for the signature of the Kaiser-Stebbins effect. We test the potential of this method using high resolution, simulated CMB temperature maps. By modeling the future output from the South Pole Telescope project (including anticipated instrumental noise), we find that cosmic strings with Gµ > 5.5 × 10 −8 could be detected.
is more common to work with the dimensionless parameter Gµ, where G is Newton's constant. Until the late 1990's, cosmic strings were studied as potential seeds for structure formation [9, 10, 11] .
The eventual discovery of the acoustic peaks [12, 13] in the angular power spectrum of the CMB lead to cosmic strings being ruled out as the main origin of structure in favour of the inflationary paradigm, since the angular power spectrum predicted by cosmic strings consists of only a single broad peak [14, 15, 16] . Despite this, there currently exists a renewed interest in cosmic strings fueled by the study of different cosmological models in which their formation is generically predicted (see [17, 18, 19] for just a few possibilities). It has also recently been shown that a contribution of less than 10% of the observed CMB power on large scales coming from cosmic strings is acceptable [20, 21, 22, 23, 24, 25, 26] .
The current bounds on the cosmic string tension come from a variety of measurements. The gravitational waves emanating from many string loops at different times produce a stochastic background which is the focus of current interferometer and pulsar timing experiments. Pulsar timing, specifically, places a bound Gµ < 10 −7 − 10 −8 on the cosmic string tension [27, 28] .
However, we note that in order to place a bound on Gµ using gravitational wave constraints one must make assumptions about the size of the loops which are formed in the string network, the probability that strings will intercommute when crossing, and even the string model under consideration. Whereas the scaling solution for the long string network is well established, the distribution of loops is uncertain by several orders of magnitude. Therefore, the strength of the bounds obtained by considering gravitational radiation from string loops can be questioned. A more robust bound on the tension comes from the angular power spectrum of the CMB (since the spectrum obtains an important contribution from the long string network). Assuming a scaling solution of the long string network with the parameters from numerical studies of cosmic string evolution, the string contribution to the angular power spectrum of the CMB was determined, and the results of these studies translate directly into a bound Gµ < 5 × 10 −7 [20, 29] .
Along with the above mentioned phenomena, there exists another observational signature unique to cosmic strings which could be directly detected, namely, linear discontinuities in the temperature of the CMB. This signature was first studied by Kaiser and Stebbins [30] and is usually referred to as the KS-effect. This effect occurs because the space-time around a straight cosmic string is flat, but with a wedge, whose vertex lies along the length of the string, removed. The angle subtended by the missing wedge, φ, is determined by the tension of the cosmic string as [31] φ = 8πGµ .
(1) For an observer looking at a source while a cosmic string is moving transversely through the line of sight between the two, the photons passing from the source to the observer along one side of the string will appear to be Doppler shifted relative to those passing along the other side due to this non-trivial geometry (see Figure 1) . If the source that the observer is viewing happens to be the CMB, this effect will manifest itself as discontinuities in the microwave background temperature along curves in the sky where strings are located. The magnitude of the step in temperature across a cosmic string is
where v s is the speed with which the cosmic string is moving, γ s is the relativistic gamma factor corresponding to the speed v s ,v s is the direction of the string movement,ê s is the orientation of the string andk is the direction of observation [32] . For cosmic strings formed in a phase transition in the early universe, the "missing wedge" produced by a string has, at time t, a finite depth given by the Hubble radius H −1 (t) at that time [33] . Some work has already been dedicated to searching for the KS-effect in current CMB data [34, 35] , but a cosmic string signal was not found, leading to a constraint on the tension Gµ 4 × 10 −6 .
In this work we implement a method of detecting the temperature discontinuities in the CMB produced by cosmic strings via the KS-effect using an edge detection algorithm commonly employed in image analysis, the Canny algorithm [36] . The motivation behind this choice is clear since the cosmic strings literally appear as edges in the CMB temperature. Depending on the sensitivity of the edge detection algorithm to the temperature edges, a bound on the cosmic string tension could then be imposed. This work is a continuation of a previous study [37] which indicated that an edge detection method may lead to a significant improvement in the sensitivity to the presence of cosmic strings compared to previous direct searches for strings in the CMB. In this paper we improve the method proposed in [37] and we investigate its application to surveys with a different set of specifications than those examined in that initial work.
We are interested in the cosmic strings in the network that survive until later times. The times relevant to the production of an edge signature in the CMB are the time of last scattering until the present day. Based on the evolution of the network, cosmic strings are more numerous around the time of last scattering than later times. On today's sky, those strings correspond to an angular scale of approximately 1 • . Therefore, an observation of the CMB with an angular resolution significantly less than 1 • is necessary in order to be able to detect the edges related to these strings. With this in mind, we also focus on the application of the edge detection method to high resolution surveys of the CMB, particularly the future data from the South Pole Telescope.
The South Pole Telescope (SPT) [38] is a 10m diameter telescope being deployed at the South Pole research station. The telescope is designed to perform large area, high resolution surveys of the CMB to map the anisotropies. The SPT is designed to provide 1 ′ resolution in the maps of the CMB, making it ideal to search for the KS-effect. Based on previous results [37] , we believe that with such high resolution data our method could provide bounds on the cosmic string tension competitive with those of pulsar timing.
The remainder of this paper is arranged as follows: In section II, we discuss the CMB maps used in our analysis with a focus on the anisotropies coming from Gaussian fluctuations and cosmic strings. In Section III, we outline the edge detection algorithm we are using, highlighting the details of our particular implementation. In Section IV, we discuss how we quantify the edge maps output by the edge detection algorithm and we explain the statistical analysis used to determine if a significant difference has been detected. In Section V, we present the results of running the edge detection algorithm on CMB maps and the possible constraints on the cosmic string tension that could be applied. We finish in Section VI with a discussion of our results.
II. MAP MAKING
For this initial investigation of edge detection as a method for constraining or even detecting cosmic strings, we generate CMB temperature anisotropy maps by means of numerical simulations and use these as the input for the edge detection algorithm. The simulated maps are constructed through the superposition of different temperature anisotropy components based on the type of effects being reproduced. We are interested in the simulation of small angular scale patches of the microwave sky, so we employ the flat-sky approximation [39] . In this approximation, the geometry of a small patch on the sky can be considered to be essentially flat. Thus, each map component, as well as the final map itself, is a two dimensional square image characterized by an angular size and an angular resolution. Specifically, we work with a square grid that has a size corresponding to the angular size being simulated, and a pixel size corresponding to the angular resolution being simulated. The pixels in the grid are indexed by two dimensional Cartesian coordinates (x, y) and we take the upper left corner of the grid to be the origin.
The common component in every simulated CMB map is a set of temperature anisotropies produced by Gaussian inflationary fluctuations. We simulate these Gaussian fluctuations such that they account for all of the observed power in the CMB. Thus, in the absence of any other sources the final simulated map is simply equivalent to the Gaussian component and is consistent with observations. That is, we define
where T (x, y) represents the the final temperature anisotropy map and T G (x, y) represents the Gaussian component.
To make a CMB map including the effects of cosmic strings, we simulate a separate component of string induced temperature fluctuations produced via the KS-effect. In linear perturbation theory, if there are two sources of fluctuations, the resulting temperature anisotropies are given by a linear superposition of the individual sources. Therefore, the total temperature map is obtained by simply summing the contributions from Gaussian noise and from cosmic strings. Note, however, that the power of the Gaussian component must be adjusted in order to obtain the total observed power of CMB fluctuations. That is, if T G (x, y) is the WMAP-normalized Gaussian signal, then, in a map including cosmic strings, it needs to be reduced by a scaling factor α, the value of which is determined by the tension of the cosmic strings being simulated. Denoting the string component by T S (x, y), the total temperature map is
In this way the strings can contribute a fraction of the total power, while the final map is still in agreement with current measurements of the angular power spectrum of CMB anisotropies.
Let us comment in more detail on the nature of this scaling. We demand that the angular power of the final combined temperature map match the observed angular power for multipole values up to the first acoustic peak, i.e. l 220. We choose this multipole range because it is tightly constrained by current observations [40] . However, as mentioned above, the Gaussian component alone accounts for all of the observed angular power in the CMB. Thus, this demand is equivalent to requiring that the angular power of the combined map match that of a pure Gaussian component.
Working in the flat-sky approximation allows us to replace the usual spherical harmonic analysis of the CMB fluctuations by a Fourier analysis [39] . We can then express our condition as
where k p is the wavenumber corresponding to the first acoustic peak of the angular power spectrum of the CMB, |T S (k < k p )| 2 is the average of the Fourier temperature anisotropy values from the string component for wavenumbers less than k p and |T G (k < k p )| 2 is the equivalent object for the Gaussian component. From Equation (2) one can see that the average of the temperature anisotropy values in the string component should go as the cosmic string tension squared.
Therefore, if we define a reference cosmic string tension, Gµ 0 , we have
where |T S (k < k p )| 2 0 is the average for a string component corresponding to the reference tension and Gµ is the cosmic string tension corresponding to the string component on the left-hand side of the equation. Substituting this into (5) we can solve for the final form of the scaling factor:
The benefit of having α in this form is we need only calculate the ratio of averages once using the reference tension. After this we can calculate the value of the scaling factor with only the cosmic string tension used in the given simulation, Gµ. As mentioned in the Introduction, studies of combining string anisotropies and Gaussian anisotropies [21, 22] have concluded that, on the basis of the angular power spectrum of CMB anisotropies, a cosmic string contribution of less than 10% 
for a simulation without cosmic strings, or
for a simulation including cosmic strings.
The dominant portion of the final simulated map is the Gaussian temperature fluctuations. As such, these Gaussian fluctuations represent the most significant "noise" when trying to directly detect the effect of cosmic strings with the edge detection algorithm. The significance of the instrumental noise component in the final map is determined by the maximum amplitude of the noise, which should in general be small compared to the amplitude of the Gaussian fluctuations.
The size of the temperature anisotropies in the string component depends directly on the tension of the cosmic strings which are being simulated, as described by Equation (2) . For interesting values of the string tension, the amplitude of the string-induced anisotropies will lie from a factor of a few up to orders of magnitude below the amplitude of the Gaussian temperature anisotropies, thus presenting the difficulty in directly detecting them. Examples of each of the three map components are shown in Figure 2 . Before moving on to discuss the edge detection algorithm itself, we first review our methods for generating the Gaussian and string components.
A. The Gaussian Component
As touched on above, the spherical harmonic expansion of the CMB temperature anisotropies can be replaced by a Fourier expansion when using the flat-sky approximation [39] . Therefore, two angular scales in the simulation. The advantage of being able to use a Fourier analysis is that it greatly simplifies the calculations, and the value of the temperature anisotropy at a particular pixel on the the grid is then given by the relation
where g(k x , k y ) is a random number taken from a normal probability distribution with mean zero and variance one [41] . The quantity a(k x , k y ) is the Fourier space equivalent of a lm in the usual spherical harmonic expansion and is related to the angular power spectrum of the temperature anisotropies in the same way,
In the flat-sky approximation the multipole moment is related to pixel position in the grid by
where θ is the angular size of the survey area [41] .
We compute the Fourier temperature fluctuations pixel by pixel using the above equations. It is clear from Equation (12) that, in general, the largest multipole moment required for a simulation increases as the resolution increases. Since we are interested in simulating high resolution CMB maps, we generate the COBE normalized angular power spectrum of the CMB to very large multipole moments using the camb software with input cosmological parameters determined by surveys at lower angular resolution. To be precise, we choose our input parameters to be those derived using the CMBall data set, which combines the results from multiple surveys [42] . Depending on the pixel position, the value of l as calculated by Equation (12) can take non-integer values, whereas the angular power spectrum is computed for only integer values. In these cases, we simply approximate the value of the angular power spectrum at any given l using a linear interpolation. Once we have computed the value of each pixel in the grid, we take the inverse Fourier transform of the array using a fast Fourier transform (FFT) algorithm, which produces a temperature anisotropy map in position space.
By choosing the origin of the grid to be at the top left corner in the maps, we have introduced a preferred direction into the simulation of the Gaussian fluctuations. To compensate for this asymmetry, we construct the final Gaussian component, T G (x, y), by superimposing four separate sub-components, which we label as T 1 ...T 4 , each computed separately using the method described above. When combining these sub-components, we reflect each along one of the four axes on the grid eliminating any irregularity in the final map. Therefore, the Gaussian component is defined as
where x max and y max are the maximal x and y values based on the simulation parameters. The factor of 1/2 in front of the sum is required to maintain the original standard deviation.
B. The String Component
Since the focus of this work is on testing the edge detection method, not the details of the cosmic string network evolution, we utilize a toy model of the network for simplicity. We then examine the resulting temperature anisotropies caused by the strings which photons encounter between the time of last scattering and the present day. We choose to use the toy model originally presented by Perivolaropoulos in [43] .
In this model, we first separate the period between the present time, t 0 , and the time of last scattering, t ls , into N Hubble time steps such that t i+1 = 2t i . For a redshift of last scattering z ls = 1000 we then have [32] 
For large redshifts and assuming Ω 0 = 1, the angular size of the Hubble volume at a given Hubble time is approximated by θ
Hubble volume corresponding to the time of last scattering and θ H i+1 ≃ 2 1/3 θ H i for all subsequent Hubble time steps [32] . At each Hubble time, a network of long straight strings with a length equal to two times the size of the Hubble volume at that time, each with random position, orientation and velocity, is laid down. The network of strings produced at each Hubble time is assumed to be uncorrelated with that of the previous Hubble time. This is justified since cosmic strings move with relativistic speeds, meaning that between Hubble times there will be multiple string interactions, causing the network to enter into a completely different configuration.
For a specific Hubble time step t i we start with an extended region that has a total angular size equivalent to the angular size of the string component being simulated plus two times the angular size of the Hubble volume at that particular Hubble time. The number of strings n i that should exist in that particular region is then given by the scaling solution
where M is the number of cosmic strings crossing each Hubble volume and θ is the angular size of the string component being simulated [32] . As usual, we work on a square grid, this time placed over the entire extended region, with pixel size still given by the angular resolution being considered. Pixels within the entire extended area are then chosen at random to be the midpoints of strings, with a probability such that the average number of strings in a single Hubble volume is in agreement with the number M of the scaling solution. If a pixel is chosen to be a midpoint, we choose a random orientation about that pixel and we place a straight string of length 2θ H i .
We then simulate the temperature fluctuation produced by that string by adding a temperature
to a rectangular region on one side of the string, and subtracting the same amount from a rectangular region on the other side. This temperature anisotropy corresponds to the KS-effect as given by Equation (2), where r = |k · (v s ×ê s )| takes into account the projection effects. The direction of observationk is approximately constant over the entire field of view while the quantityv s ×ê s is a random unit vector since both the string orientation and velocity are random. Thus, the value of r is uniformly distributed over the interval [0,1] [32] . In Equation (16), we take the RMS speed of the strings to be v s = 0.15 [32] , so the amplitude of the fluctuation is determined entirely by the string's tension and its orientation. Each rectangular region affected by the temperature fluctuation has a length 2θ H i along the direction of the string and extends a distance θ H i in the direction perpendicular to the string [33] . Thus, each cosmic string gives rise to five separate temperature discontinuities: one at its position, two parallel to it at a distance θ H i and two perpendicular to the string at the endpoints. After placing all of the cosmic strings and calculating the temperature fluctuation for each, we have finished simulating the cosmic string network for the given time step.
Since we began with a region which is larger than the string component we wanted to simulate in the first place, we must crop the larger area to the correct size. We choose to discard pixels equally from all four sides of the extended area, so that we retain only those from the central region of the larger area. By identifying the correctly sized simulated area with the centre of the extended area, one can see that what we essentially did when first defining the extended region was to enlarge the actual simulation area by a Hubble volume in each direction. The reason that we expand our simulated area in this way is because any string whose midpoint is within a distance θ H i of the actual area we want to simulate could enter into it. Thus, we must also account for these strings which lie around the edges of the area of interest, not only those centred within it.
The final string-induced anisotropy map is given by the superposition of the effects of all of the strings in all of the Hubble volumes. Therefore, to produce the final cosmic string component T S (x, y), we simply sum together all fifteen sub-components pixel by pixel. This superposition approximates the contribution from the entire, more complex cosmic string network.
In the model described above, we have fixed values for the the speed of the strings, the length of the strings and the depth of the rectangular temperature fluctuation region around the string.
These values were obtained from particular numerical simulations [32] , however, these parameters can vary significantly for different models of the string network (see [1] for a review) and should not be considered as established. We also note that in this toy model cosmic string loops and their subsequent effects are not included. Cosmic string loops will also produce CMB anisotropies.
However, based on the current knowledge of the distribution of scaling strings, the string loop contribution to the CMB is believed to be sub-dominant. This justified us neglecting these effects.
When looking for edges in an image we are looking for curves across which there is a strong intensity contrast. The strength of an edge can then be quantified by the magnitude of the contrast from one side of the edge to the other, or equivalently, the magnitude of the gradient across the edge. For CMB temperature anisotropy maps, the intensity that we are dealing with is simply the amplitude of the fluctuations. Thus, we define the edges in the CMB maps as lines across which the temperature difference is large. To search for these edges we employ the Canny edge detection algorithm [36] , which is one of the most commonly used edge detection methods in image analysis. Figure 3 shows an example of a final map of edges generated by the Canny algorithm along with an intermediate map produced during the edge detection process. To clearly illustrate the result of each stage of the edge detection, we present maps corresponding to the same cosmic string component shown in Figure 2 with no other components added to it, however, this does not represent a legitimate final simulated CMB map. In the following sections we review the steps involved in applying the Canny algorithm to CMB maps and how these images are generated.
A. Non-maximum Suppression
Since we are interested in temperature gradients, the first step of the Canny edge detection algorithm is to simply compute the gradient of the temperature anisotropy map and use it to determine which pixels could be part of an edge. We first construct two square filters F x (x, y) and F y (x, y), which are first-order derivatives of a two dimensional Gaussian function along each of the two map coordinates (x, y). We then apply each of these filters to the temperature map separately by convoluding the two using a FFT. This produces two new maps G x (x, y) and G y (x, y), which are the components of the gradient magnitude along the x-direction and y-direction. With these components we can then construct another new map
which is the map of the gradient magnitude, or edge strength, corresponding to the original temperature anisotropy map. We can also construct a second map
which is the map of the gradient angle, or gradient direction. In the above equation the sign of both components is taken into account so that the angle is placed in the correct quadrant. Therefore, calculated using a cosmic string tension of Gµ < 6 × 10 −8 . The yellow pixels represent pixels which were determined to be on an edge. Together, these pixels show the the position, length and shape of the edges occurring in the original temperature anisotropy map. In last two maps, the grey pixels represent pixels which were discarded from the image.
the arctangent has a range of (−180 • , 180 • ]. However, at each pixel on a square grid there are only eight distinguished directions which form four axes. In order to relate the gradient direction as calculated by Equation (18) to one that we can trace on the grid, we approximate the value of θ G (x, y) at each pixel to lie along one of the eight grid directions. We do this by simply replacing the value of θ G (x, y) with the angle corresponding to the closest grid direction. For example, if the gradient direction takes any of the values −22.5 • ≤ θ G (x, y) < 22.5 • it would be replaced by
In the Canny algorithm, part of the definition of a pixel that is considered to be on an edge is that it must be a local maximum in the gradient magnitude. By local maximum we mean that the gradient magnitude at a given pixel is larger than that of both pixels which neighbour it along the axis defined by the gradient direction at that same pixel. Using the gradient magnitude and direction maps, it is straightforward to check the local maximum condition pixel by pixel and determine which could be a part of an edge and which could not be part of an edge. Since we are only interested in constructing a final map of edges, if a pixel does not satisfy the local maximum condition we immediately discard that pixel. Therefore, this process is referred to as non-maximum suppression. Figure 3 shows a gradient magnitude map after non-maximum suppression has been performed.
Many of the original pixels have been discarded, as expected, and we are left with a rough map of edges. Although curves corresponding to certain edges in the original temperature anisotropy component can be seen, there are many other pixels marked as local maxima corresponding to extremely weak edges, making the signal from stronger edges difficult to detect.
B. Thresholding with Hysteresis
When performing non-maximum suppression we only compared a single pixel with two of its neighbours to determine if it could be part of an edge. Pixels with a small gradient magnitude may have still been marked as a local maxima if the gradient magnitudes of their neighbours were also small. As mentioned above, Figure 3 shows that this is indeed the case. The magnitude at such pixels can in fact be so small that we do not want to consider them as edge pixels, since they can dilute the more significant signal coming from stronger edges. In addition, we want to detect edges which appear due to cosmic strings via the KS-effect. Therefore, we expect the gradient direction to be consistent across the length of the string induced edge. This directionality needs to be taken into account to determine which local maxima pixels belong to the same string edge. Taking these two points into consideration, we must further expand our definition of exactly what constitutes an edge pixel.
The Canny algorithm outlines a process of applying multiple thresholds to define the edges in an image, known as thresholding with hysteresis. First, we choose an upper gradient threshold, t u < 1, such that we can then define a pixel which is definitely part of an edge, which we name a true-edge pixel, as one which is not only a local maximum but also satisfies
Here G m is the mean maximum gradient magnitude computed from simulated temperature maps which contain only strings. The value of G m depends on the parameters of the simulation being performed, most notably the string tension, and must be computed separately for each parameter set using a selected number of simulated string maps. One can think of G m as representing the strongest possible edge that could be formed by cosmic strings alone. Therefore, with this threshold, we are simply stating that if the gradient magnitude at a given pixel is some chosen fraction of the maximum possible, then it must be a true-edge pixel.
It is not sufficient, however, to define the edges using only one threshold because the gradient magnitude can fluctuate at each pixel along the length of an edge. This variation can be caused by both instrumental noise and the random nature of the Gaussian anisotropies. If we applied only an upper threshold, we would reject the pixels at which the gradient magnitude fluctuates below that threshold, but should in fact still be considered as a part of a given edge. This would lead to edges being cut into smaller segments, making them look like dashed lines, rather than continuous curves on the map. To avoid this, we also choose a lower gradient threshold, t l < t u , and define a pixel which is possibly part of an edge, which we name a semi-edge pixel, as a local maximum pixel satisfying
If a local maximum pixel still falls below the lower threshold then it is immediately rejected. The latter case is the requirement that an edge pixel have some minimum strength, and cures the problem of a local maxima with extremely small gradient magnitudes being included in the final edge map.
Since we are interested in edges appearing due of the presence of cosmic strings, we also apply a "cutoff" threshold such that we reject all pixels for which
where t c ≥ 1. We apply this third threshold because the Gaussian temperature fluctuations in the CMB map dominate those coming from the cosmic strings. As such, they lead to edges with much stronger gradient magnitudes, that is, greater than G m . If we only applied the upper bound t u , these edges would overwhelm the edge detection algorithm, washing out the cosmic string signal.
By setting a cutoff threshold, we can discard the pixels with a gradient magnitude which we consider to be too strong to have been caused by cosmic strings, and keep only those representing the cosmic string signature. We choose t c ≥ 1 because we also consider the slight enhancement of weak edges corresponding to Gaussian fluctuations, as a result of the underlying cosmic string edges, to be part of the cosmic string signal.
After applying the thresholds as described above, we then further assert that any semi-edge pixel which is in contact with a true-edge pixel and has the appropriate gradient directionality is also a true-edge pixel sharing the same edge. By in contact, we mean that it is a semi-edge pixel which is one of the six neighbouring pixels of the true-edge pixel which does not lie along the gradient direction calculated at the position of the true-edge pixel. This definition stems from the fact that the two directions perpendicular to the gradient axis represent the edge axis, while the remaining four directions represent the two axes which are next to parallel to the edge axis.
Essentially, we are stating that in order to be considered part of the same edge the semi-edge pixel must lie along (or almost along) the edge axis and it would be inconsistent for a pixel sharing the same edge to lie along the gradient direction. By appropriate gradient directionality, we mean that the semi-edge pixel also has a gradient direction which is parallel or next to parallel to the gradient direction calculated at the position of the true-edge pixel. The comparison of the gradient directions represents our demand that the temperature gradient be consistent along an entire edge.
We scan the remaining pixels in the map to check which semi-edge pixels satisfy the above conditions. The ones which do are immediately changed to true-edge pixels. This allows us to fill the gaps which occur between true-edge pixels due to both types of noise, and avoid the incorrect breaking up of edges. Once a semi-edge pixel has been changed to a true-edge pixel it may then have another semi-edge pixel neighbouring it which needs to be changed, and so on. The scanning technique takes this into account and any connected series of semi-edge pixels will all be correctly changed to true-edge pixels ensuring that the entire edge is correctly identified. After scanning the map we consider all of the edges in the map to have been traced. At this point, if a pixel is still marked as a semi-edge pixel, we assume that it is not in contact with a true-edge pixel in any way, and it is rejected. The edge detection process is then finished, and the end result is the final map of true-edge pixels corresponding to the original temperature anisotropy map. Figure 3 shows a final edge map after thresholding with hysteresis has been performed. Many of the pixels appearing in the map of local maxima have now been rejected, especially those with very small gradient magnitudes, and the stronger edges are now much better defined. This is a direct result of applying the thresholds and directionality conditions. Comparing the original temperature anisotropy map to the final edge map, it is clear that not only is the Canny algorithm good at locating the edges which are clearly visible, but that it is also sensitive to the faint edges which are not easily detectable by eye.
IV. EDGE LENGTH COUNTING AND STATISTICAL ANALYSIS
To facilitate a comparison with edge maps generated from different input temperature anisotropy maps, we need a way to quantify each individual edge map. Since we are considering cosmic strings as a source of edges in CMB temperature anisotropy maps, one might intuitively expect that in the presence of strings one would observe a larger number of edges of all lengths, or at least a larger number in some finite range of lengths. With this in mind, we employ a simple method of quantifying the edge maps, which is to record the length of each edge appearing in the edge map.
We define a single edge as a chain of true-edge pixels where each subsequent pixel is in contact with the previous pixel and has a similar gradient direction (both in the same sense as described in the previous section). When scanning the final edge map, we count the number of pixels appearing in each separate edge. These values are exactly the lengths of the edge in units of pixels. With this data we can then construct a histogram of the total number of edges of each possible length, which corresponds to the original temperature anisotropy map. We do not consider a single pixel to represent an edge, therefore, the minimum edge length that we include in our histograms is two pixels long. If there are any single pixels marked as edges then we simply ignore them.
After generating histograms for different input maps, we need to develop a way to compare them and look for differences. Specifically, we are looking for a change in the distribution of the total number of edges between an edge map corresponding to a simulation without cosmic strings and an edge map corresponding to a simulation with cosmic strings. However, both the Gaussian and string components in the simulated CMB temperature anisotropy maps are generated using random processes. If we were to compare two histograms generated from only one simulated temperature anisotropy map each, we would not be able to draw a very meaningful conclusion. Therefore, to make our comparison more robust, we simulate many temperature anisotropy maps with the same input parameters and perform the edge detection and length counting on each one separately. This provides a set of histograms from which we can then compute the mean number of edges of each length occurring over all the runs. We also compute the standard deviation from each mean value.
In the end this provides us with a new averaged histogram of edge lengths that has statistical error bars. Comparing two of these averaged histograms then allows us to assign a statistical significance to the difference in the distributions. From this point on, whenever we mention a histogram we mean an averaged histogram computed using many simulations.
When comparing two histograms, we compare the mean value for each specific length separately, rather than perform a single general test based on the overall shapes of the distributions. We prefer to treat each bin separately because each has a separate standard deviation associated with it. Furthermore, we assume that the underlying values used to compute each mean are normally distributed. That way we can use Student's t-statistic to determine the significance of the difference at each length.
For two samples of equal size n, Student's t-statistic is defined as
where N 1 and σ 1 are the mean and sample standard deviation of the first sample and N 2 and σ 2 are the mean and sample standard deviation of the second sample. Given two histograms, we compute t for each length occurring in the two histograms for which N i ≥ 3σ i , where i = 1, 2. This constraint on the lengths we consider stems from our assumption that the underlying distribution of each mean value is normal. Since it would be inconsistent to consider negative values for the total number of strings at any given length, we choose only lengths for which the total number of strings is positive definite at the 3σ level. The p-value corresponding to each t is then computed from a t-distribution with 2n − 2 degrees of freedom.
We then combine the probabilities calculated for each length, denoted by p L , into a single statistic which characterizes the difference between the two histograms. Using Fisher's combined probability test, we can define the new statistic χ 2 as
where L m is the maximum length at which a p-value was computed. The final p-value corresponding to the statistic χ 2 is then determined from a chi-square distribution with 2L m −2 degrees of freedom.
The final step is to compare this single p-value to a significance level ǫ to conclude whether or not the difference in the two histograms is significant. We choose to work with the customary significance level ǫ = 0.0027 corresponding to 3σ of a normal distribution. If our p-value is less than ǫ we state that the difference in the two edge maps is statistically significant.
V. RESULTS
We present the results of running the Canny edge detection algorithm on simulated CMB anisotropy maps in two parts. First, we report the results for simulations which are designed to mimic the expected output from the SPT. Using these results, we determine what kind of bound on the cosmic string tension one could hope to achieve using the edge detection method on data from that survey. Second, we present the results for simulations corresponding to a hypothetical survey that has different specifications than those of the SPT. We use these results to investigate how the potential constraint on the tension changes with respect to the design of the survey.
The SPT is capable of producing a 4,000 square degree survey of the anisotropies in the CMB [38] . To replicate the same amount of sky coverage, we simulate 40 separate 10 • × 10 • maps, where the angular resolution of each of these maps is 1 ′ per pixel, again matching that specified for the SPT. To test the edge detection method, we simulate two separate sets of 40 maps, the first set including the effect of cosmic strings, and the second set excluding the effect of cosmic strings. Each set of maps gives rise to a histogram of edge lengths via the edge detection and edge length counting algorithms. We then compare these two histograms using the statistical analysis described in Section IV to determine if the difference in the distributions is significant. We repeat this process for many different values of the cosmic string tension, until we can no longer identify a statistically significant difference in the two histograms. Figure 4 shows a side by side comparison of a simulated CMB map without a cosmic string component and a simulated CMB map which does include a cosmic string component. The effect of the cosmic strings in the final temperature anisotropy map is not apparent and any difference in the typical structure between the two maps is unnoticeable by eye. Figure 5 , on the other hand, shows a histogram corresponding to a set of maps without a cosmic string component and a histogram corresponding to a set of maps with a cosmic string component. The two histograms show that the edge detection method is in fact able to detect a difference which is not evident by eye, with maps including strings having slightly higher mean values for certain lengths. Although the difference in histograms may not seem large, this particular example would generate a significant result.
Although the angular size and resolution of the simulation are determined by the specifications of the survey in question, the values of the other free parameters in each step of process must also be fixed. We take the number of cosmic strings per Hubble volume in all of the string component simulations to be M = 10 [32] , regardless of the cosmic string tension. In every run of the edge detection algorithm, we choose the gradient filter length to be 5 pixels, the value of the upper threshold to be t u = 0.25 and the value of the lower threshold to be t l = 0.10. These values for the thresholds may appear small, but as one can see from the scale in Figure 3 , the gradient magnitude in the string component can take a large range of values. Therefore, G m can be quite a bit larger than the average gradient magnitude on a string induced edge, so we must choose low values for the thresholds in order to not throw away the entire string signal. We have not mentioned the value of the scaling factor in the map addition, α, nor the value of the cutoff threshold, t c . The reason is, we do not fix the value of these two parameters for all of the runs. In the case of the scaling factor, its value must change for each given cosmic string tension, as described by Equation (7). The value of the cutoff threshold, on the other hand, is chosen deliberately based on the value of the tension, such that we get the best results from our edge detection method. We note the value of both of these parameters when presenting our findings. For the SPT specific simulations, the capability of the edge detection method to make a significant detection of the cosmic string signal for different choices of the cosmic string tension is summarized in Table I . We find that our edge detection method can distinguish a signal arising from cosmic strings down to a tension of Gµ = 5 × 10 −8 . Therefore, if the edge detection method was used on ideal data from the SPT, but was unable to distinguish a difference from a theoretical data set without the effect cosmic strings, we could then impose a constraint on the cosmic string tension of Gµ < 5 × 10 −8 .
The above mentioned results were determined from simulated maps which did not contain a component of instrumental noise. To examine the effect that detector noise will have on the ability of the edge detection method to constrain the cosmic string tension, we repeat the same process described above, with the same choices for all of the parameters, but this time with instrumental noise included in the simulation of the CMB maps. As mentioned earlier, we simulate a component of white noise with a given maximum temperature change. Here, we choose the maximum temperature change caused by the instrumental noise to be δT N,max = 10 µK, roughly corresponding to that planned for the SPT [38] . For the SPT specific simulations including instrumental noise, the results of using the edge detection method to detect a cosmic string signal are also presented in table I. We find that detector noise does not have a substantial effect, and it weakens the possible constraint that the edge detection method could place on the cosmic string tension only slightly to Gµ < 5.5 × 10 −8 .
Along with the results specific to the SPT, we explore how the constraint which could be applied by the edge detection method changes based on the specifications of the survey. For this purpose, we imagine a theoretical observatory which has the same specifications as the SPT but could map five times the amount of sky with the same resolution, that is, produce a 20,000 square degree The analysis follows the same procedure as outlined above, and we keep the same values for all of the free parameters.
For the larger survey size, the results of using the edge detection method to detect a cosmic string signal are summarized in Table II . By increasing the survey size from that of the SPT by a factor of five, while keeping all other specifications the same, the ideal output from such an observatory could have the potential to improve the constraint on the cosmic string tension to Gµ < 3.0 × 10 −8 . When instrumental noise is included, we find that the effect on the edge detection method is in this case negligible and the possible bound remains the same as that found using simulations without instrumental noise. 
VI. DISCUSSION
We have developed a method of searching for linear discontinuities in the microwave background temperature caused by the presence of cosmic strings along our line of sight to the surface of last scattering. The method which we have developed involves applying an edge detection algorithm to CMB temperature anisotropy maps in order to identify the effect of cosmic strings. We have applied our edge detection method to simulated CMB maps both including cosmic strings, and without cosmic strings, to test its ability to discriminate between the two. This then translates directly into a possible constraint on the cosmic string tension. In particular, we have focused on two different sets of simulations, one which mimics the future output coming from the SPT and one which corresponds to a theoretical survey which covers five times as much sky as the SPT with the same angular resolution. We find that the edge detection method could potentially place a bound on the cosmic string tension of Gµ < 5 × 10 −8 for a perfect CMB observation from the SPT and that this could be lowered to Gµ < 3 × 10 −8 for the larger survey [45] . For more realistic simulations which include instrumental noise, we find that the potential bound corresponding to the SPT weakens by only a small amount to Gµ < 5.5×10 −8 while the possible bound corresponding to the theoretical survey does not change at all, and is still Gµ < 3× 10 −8 . We consider the constraint corresponding to the SPT specific simulations which include a component of instrumental noise to be the main conclusion of this work. This possible bound is approximately an order of magnitude better than those arising from other methods which use CMB observations and approximately two orders of magnitude better than those arising from other methods which search for the KS-effect.
Therefore, we believe that using the output from the SPT along with the edge detection method has the potential to greatly improve the constraint on the cosmic string tension. This bound is not tighter than the constraints arising from current pulsar timing data, although it is competitive, falling directly within the range of values reported by different observations. Nevertheless, as mentioned in the Overview, we consider our method of constraining the tension to be more robust since we make less assumptions about some of the unknown parameters which describe the cosmic string network and its evolution. Therefore, we believe that the possible bound on Gµ given above would in fact represent a stronger constraint.
We conclude that instrumental noise does not have a very major effect on the ability of the edge detection method to identify the cosmic string signal. We believe that this is an indication that the thresholding with hysteresis performs as it should, since noisy pixels could destroy the edge signal by causing large fluctuations in the gradient magnitude. Furthermore, as one can see from Figure   5 , the largest difference between histograms occurs at short lengths rather than longer lengths. The instrumental noise leaves this difference in the short edge signal between maps with and without strings relatively unchanged, since the probability of a particularly noisy pixel falling on a short edge, resulting in it being incorrectly detected by the Canny algorithm, is small compared to that for longer edges. While on the topic of instrumental noise, we reiterate that we have included only a simplified white noise component in our simulations. A more complex investigation of instrumental noise would include a low frequency piece which results in stripes appearing in the final map of the CMB. Based on the method described in this paper, it is clear that striping would be crucial, since it would result in maps with more edges than that predicted by the cosmological theory and this could be confused with the effect of cosmic strings. One redeeming feature of this type of low frequency noise is that the stripes which are introduced would lie along the scanning direction, thus, when dealing with actual SPT data, it may be possible to subtract this effect out of the final map or to simply ignore edges lying along the known scanning direction in the edge detection algorithm itself. No other systematic effects due to the instrumental scanning strategy have been included in the current analysis, nor have errors due to foregrounds in the microwave sky. In future work it would be useful to investigate all types types of noise as well as the removal strategies in more detail to determine if they could change the behavior of the edge detection method.
We also found that increasing the simulated survey size increases the statistical significance of the deviations between the histograms for similar values of the cosmic string tension. This behaviour is expected though, since more edge maps were used to compute the mean values in each of the histograms and one can see from Equation (22) that the value of t scales as √ n.
While the p-values are smaller for similar tensions, the final constraint which can be levied by the larger survey is not drastically different from that corresponding to the SPT specific simulations.
Increasing the survey size by 5 times only lowered the possible constraint by a factor of roughly √ 5. Based on this result, we conclude that the survey size does not have a major influence on the ability of the edge detection method.
When generating the simulated CMB maps, we employed a toy model of the cosmic string network which includes only straight strings and no cosmic string loops. More detailed models of the network and its evolution have been developed in other works [6, 7, 8, 44] and can be implemented numerically. Therefore, one obvious way to improve the testing method we have outlined here would be to implement one of these more complex models which would in turn produce a more realistic map of the temperature anisotropies induced via the KS-effect. On the other hand, we stress that a change of this nature would come at a large computational expense.
On a similar note, it may also be useful to develop a more robust method of combining the string induced temperature anisotropies with those coming from Gaussian fluctuations, to make sure that the final simulated map agrees with other observations. Furthermore, after applying the Canny edge detection algorithm to the CMB temperature anisotropy maps, we quantify the corresponding edge map by recording the length of every edge appearing in it. As mentioned in Section IV, this is one of the simplest ways of describing the edge map, and it may be beneficial to investigate an alternative method of image comparison which provides a more powerful way of discriminating between the two edge maps. For now, we leave these improvements as the goal of future work.
While we have chosen to focus on the SPT in this work, the edge detection method is quite versatile and could be used with virtually any high resolution CMB survey. We conclude that this method presents a powerful and unique way of constraining the cosmic string tension which has the potential to perform better than current methods, or, at the very least, to provide a complimentary technique to those already in use.
